
INFECTION AND IMMUNITY, Oct. 2008, p. 4574–4580 Vol. 76, No. 10
0019-9567/08/$08.00�0 doi:10.1128/IAI.00700-08
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

The Antifungal Vaccine Derived from the Recombinant N Terminus
of Als3p Protects Mice against the Bacterium Staphylococcus aureus�

Brad Spellberg,1,2* Ashraf S. Ibrahim,1,2 Michael R. Yeaman,1,2 Lin Lin,1 Yue Fu,1,2

Valentina Avanesian,1 Arnold S. Bayer,1,2 Scott G. Filler,1,2 Peter Lipke,3
Henry Otoo,3† and John E. Edwards, Jr.1,2

Division of Infectious Diseases, Los Angeles Biomedical Research Institute at Harbor—University of California at
Los Angeles (UCLA) Medical Center, 1124 West Carson St., Torrance, California 905021; The David Geffen School of

Medicine at UCLA, Los Angeles, California2; and Department of Biology, Brooklyn College of City University of
New York, Brooklyn, New York 112103

Received 3 June 2008/Accepted 11 July 2008

Vaccination with the recombinant N terminus of the candidal adhesin Als3p (rAls3p-N) protects mice from
lethal candidemia. Candidal Als3p also is structurally similar to the microbial surface components recognizing
adhesive matrix molecule adhesin, clumping factor, from Staphylococcus aureus. To determine the potential for
cross-kingdom vaccination, we immunized mice with rAls3p-N or negative control proteins and challenged
them via the tail vein with S. aureus or other gram-positive or gram-negative pathogens. The rAls3p-N vaccine,
but neither tetanus toxoid nor a related Als protein (Als5p), improved the survival of vaccinated mice
subsequently infected with multiple clinical isolates of S. aureus, including methicillin-resistant strains. The
rAls3p-N vaccine was effective against S. aureus when combined with aluminum hydroxide adjuvant. However,
the vaccine did not improve the survival of mice infected with other bacterial pathogens. Vaccinated, infected
mice mounted moderated type 1 immune responses. T lymphocyte-deficient mice were more susceptible to S.
aureus infection, but B lymphocyte-deficient mice were not. Furthermore, T but not B lymphocytes from
vaccinated mice mediated protection in adoptive transfer studies. The passive transfer of immune serum was
not protective. These data provide the foundation for cross-kingdom vaccine development against S. aureus and
Candida, which collectively cause 200,000 bloodstream infections resulting in >40,000 to 50,000 deaths annu-
ally in the United States alone.

We have previously shown that vaccines derived from the
recombinant N termini of the candidal surface adhesins Als1p
(rAls1p-N) and Als3p (rAls3p-N) protect mice from otherwise
lethal disseminated candidiasis and mitigate the severity of
oropharyngeal and vaginal candidiasis (13, 14, 30, 31). Because
the efficacy of rAls3p-N was greater than that of rAls1p-N in
mucosal models of infection, and because we recently have
identified Als3p as a critical candidal invasin in pathogenesis
studies (21), subsequent vaccine studies have focused on
rAls3p-N (30).

Of considerable interest was our recent discovery that, by
molecular modeling, candidal Als1p and Als3p adhesins are
predicted to have three-dimensional structural similarity to
clumping factor (ClfA), which is a member of a family of
surface adhesins expressed by Staphylococcus aureus known as
microbial surface components recognizing adhesive matrix
molecules (MSCRAMMs) (26). Given the structural similari-
ties between candidal Als3p and S. aureus ClfA, we sought to
determine the potential of the rAls3p-N vaccine to mediate
protection against S. aureus infection in mice. Furthermore, we
sought to define key elements of host defense required for the
rAls3p-N vaccine to protect mice from staphylococcemia.

MATERIALS AND METHODS

S. aureus and mouse strains. S. aureus 67-0, 601, COL, LAC (all methicillin-
resistant strains; the latter is a USA300 community-acquired strain generously
provided by Frank Deleo), and 29213 (methicillin susceptible; from the ATCC)
are clinical isolates that are well characterized and known to cause lethal, dis-
seminated infection when inoculated intravenously (i.v.) in animal models (2, 15,
17, 27, 35). Staphylococcus epidermidis 35984 (4, 8) and Enterococcus faecalis
TX2484 (vancomycin resistant) (3) are clinical bloodstream isolates also known
to cause lethal infection in animal models at high inocula. Pseudomonas aerugi-
nosa PA-01 is a clinical wound isolate (33) known to cause lethal infection in
animals (9). All bacterial isolates were grown overnight in a shaking incubator in
brain heart infusion (BHI) broth at 37°C, passaged until log-phase growth,
prepared for inoculation by using the optical density (OD) with confirmation of
the inoculum by colony counting, and washed in phosphate-buffered saline (PBS)
prior to inoculation in 0.5 ml of PBS.

Adult BALB/c mice (National Cancer Institute, Bethesda, MD) were used for
most studies. For some experiments, congenic T-cell-deficient (C.Cg/AnBomTac-
Foxn1nuN20) or B-cell-deficient (C.129B6-IgH-Jhdtm1Dhu) mice (8 to 12 weeks
old; Taconic Farms, Germantown, NY) were used. All procedures involving mice
were approved by the institutional animal use and care committee and followed
the National Institutes of Health guidelines for animal housing and care.

Immunization. All immunizations were subcutaneous in a 0.2-ml volume at
the base of the neck. rAls3p-N (amino acids 17 to 432 of Als3p) and rAls5p
(amino acids 20 to 664) were produced in Saccharomyces cerevisiae and purified
via nickel-agarose columns as described previously (22, 30). Initial vaccination
experiments were done with complete Freund’s adjuvant (CFA), with a booster
dose of incomplete Freund’s adjuvant (IFA). Subsequent vaccinations were
completed with 0.1% Al(OH)3, (Alhydrogel; Brenntag Biosector, Frederikssund,
Denmark) in PBS. Tetanus toxoid (Tetguard; Boeringher Ingelheim) was ad-
ministered at a dose of 0.05 ml. Mice were infected 2 weeks following the boost
or 3 weeks following the single dose (vaccinations were staggered so that all mice
were infected on the same day). In some experiments, mice were vaccinated as
described above without a boost and were infected 8 weeks later.
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Splenic lymphocyte priming and response. S. aureus cell wall extract was
prepared by lysostaphin degradation as described previously (7). rClfA-N (ClfA
amino acids 40 to 458) was cloned from S. aureus 67-0 genomic DNA using a
high-fidelity PCR kit (Roche). The primers used for PCR were CGGGATCCG
CAGTGAAAATAGTGTTACGCAATCTG and CCCAAGCTTCACACTATT
AGTGACATCCTCAA. The PCR fragment was digested with BamHI and
HindIII and cloned into pQE-32 (Qiagen). The resulting construct was transformed
into Escherichia coli strain SG130009 for isopropyl �-D-1-thiogalactopyranoside
(IPTG)-induced expression according to the manufacturer’s instructions and was
expressed as a fusion protein with an N-terminal His tag. Purification was per-
formed by Ni column binding of the His tag label on rClfA-N in a fashion
identical to that for the purification of rAls3p-N.

The His tag then was removed from rClfA-N with the TAGZyme kit (Qiagen)
per the manufacturer’s instructions. Endotoxin was removed from rClfA-N by
the use of a Detoxi-gel endotoxin removal kit (Pierce, Woburn, MA) per the
manufacturer’s instructions. The final endotoxin concentration in detagged
rClfA-N was 0.08 ng/ml according to the limulus amoebocyte assay (Charles
Rivers Laboratories, Savanna).

Splenocytes (2 � 105) from vaccinated or control mice were stimulated in
96-well plates with cell wall extract from 2 � 106 S. aureus organisms per well, 50
�g/ml of ClfA-N, 2 flocculation units/ml of tetanus toxoid (as a negative control;
Cylex Inc., Columbia), or with medium alone. Endotoxin-free hamster anti-
mouse CD28 antibody (clone 37.51; BD Pharmingen, La Jolla, CA) was added to
all wells at 0.5 �g/ml. After 3 days, splenocytes were pulsed with tritiated thy-
midine (6.7 �Ci/mol) and processed on a CombiCell harvester 6 h later.

To quantify the ex vivo priming of splenic lymphocytes by the rAls3p-N
vaccine, 2 weeks following the boost splenocytes were harvested as described
above. The cells were cultured in complete medium for 72 h in the presence of
100 �g/ml of rAls3p-N. The wells were pulsed for 6 h with 1 �Ci of tritiated
thymidine (Amersham, Piscataway, NJ) before being harvested to quantify pro-
liferation.

rAls3p-N and rClfA-N ELISA. Antibody titers were determined by enzyme-
linked immunosorbent assay (ELISA) in 96-well plates as previously described
(13, 14, 30, 31). The ELISA titer was taken as the reciprocal of the last serum
dilution with an OD reading equal to or greater than the mean OD of negative
control samples plus twice the standard deviation.

Tissue bacterial burden and cytokine analysis. On day 5 postinfection, spleens
and kidneys were harvested and cut in half for simultaneous bacterial burden and
cytokine analyses. For the determination of bacterial burden, organs were ho-
mogenized in saline and quantitatively cultured on tryptic soy agar. Whole-organ
cytokines were analyzed from splenic and kidney homogenates with the murine
type 1/type 2 cytometric bead array kit (BD Pharmingen, La Jolla, CA) per the
manufacturer’s instructions.

Intracellular cytokines from splenic lymphocytes were analyzed as previously
described (32). No exogenous stimulus was added to the cells so that Th1-Th2
frequencies would reflect their frequencies in vivo during staphylococcemia.
Three-color flow cytometry was performed on a Becton-Dickinson FACScan
instrument calibrated with CaliBRITE beads (Becton Dickinson, San Jose, CA)
using FACSComp software per the manufacturer’s recommendations. Data for
each sample were acquired until 10,000 CD4� lymphocytes were analyzed. Th1
cells were defined as CD4�, gamma interferon positive (IFN-��), and interleu-
kin-4 negative (IL-4�), and Th2 cells were defined as CD4� IFN-�� IL-4�.
Results are presented as the median � 25th and 75th quartiles of the percentages
of all gated lymphocytes that were Th1 or Th2 cells.

Adoptive transfer and passive immunization. For adoptive transfer and pas-
sive immunization, mice were vaccinated with rAls3p-N (300 �g) plus Al(OH)3

or with Al(OH)3 alone. Two weeks following the boost, sera were pooled from
vaccinated or control mice, and splenocytes were harvested as we have previously
described (14). CD3�, CD4�, or CD8� T lymphocytes or B220� B lymphocytes
were purified by the use of the IMag system (BD Pharmingen). The purity
(�95%) of the cells was confirmed by surface staining followed by flow cytom-
etry.

Purified lymphocytes (107 per mouse for CD3� or B220� cells and 5 � 106 per
mouse for CD4� or CD8� cells) were administered i.v. to congenic, unvacci-
nated recipient mice. Serum was administered intraperitoneally to other recipi-
ent mice. Mice were infected via the tail vein with S. aureus 67-0 either 24 h after
splenocyte adoptive transfer or 3 h after serum administration. Serum doses were
repeated weekly in surviving mice.

Statistical analysis. The Mann-Whitney U test was utilized to compare tissue
bacterial burden, Th1/Th2, and cytokine ratios. The nonparametric log-rank test
or Cox proportionate hazards test was utilized to determine differences in sur-
vival times. P 	 0.05 was considered significant.

RESULTS

rAls3p-N priming of murine splenocytes against S. aureus
cell wall. To determine if the rAls3p-N vaccine primed spleno-
cytes against S. aureus, mice were vaccinated with 20 �g of
rAls3p-N in CFA, with a booster dose at 3 weeks in IFA.
Control mice received adjuvant alone. Splenocytes were har-
vested 2 weeks following the boost and stimulated ex vivo with
rAls3p-N, S. aureus cell wall extract, or tetanus toxoid as a
negative control. In addition, splenocytes were stimulated with
rClfA-N, as clumping factor A was predicted to have a three-
dimensional shape similar to that of rAls3p-N in modeling
studies (26). Splenocytes from mice vaccinated with rAls3p-N
proliferated significantly more in response to rAls3p-N and S.
aureus cell wall extract than did splenocytes from control mice
that received adjuvant alone (P 	 0.001 for both comparisons)
(Fig. 1). In contrast, tetanus toxoid (the negative control) did
not stimulate splenocyte proliferation from mice receiving ei-
ther vaccine or adjuvant alone. While rClfA-N stimulated pro-
liferation significantly more in splenocytes from vaccinated
than from control mice (P 
 0.02), the overall magnitude of
the response was low (Fig. 1).

The median anti-rAls3p-N immunoglobulin G titer in vac-
cinated mice was 1:51,200; it was 1:600 in control mice. In the
same serum, anti-rClfA-N serum immunoglobulin G titers
from either vaccinated or control mice were 	1:50, reflecting
an absence of serological cross-reactivity between rAls3p-N
and rClfA-N (data not shown).

Efficacy of rAls3p-N against murine staphylococcemia. To
determine if the cross-priming against S. aureus cell wall ex-
tract induced protection in infected mice, mice were vacci-
nated as described above. Fourteen days after the boost, mice
were infected via the tail vein with 2 � 107 cells of S. aureus
67-0, a methicillin-resistant, clinical isolate. Vaccination with
rAls3p-N markedly improved survival compared to that with
adjuvant alone (60 and 5% survival at 28 days, respectively)
(Fig. 2A). Also, at 5 days postinfection, mice that received the
rAls3p-N vaccine had a 4- and 10-fold reduction in kidney and
spleen bacterial burdens, respectively, compared to those of
control mice (Fig. 2B).

To evaluate in vivo immune responses during infection, we
quantified Th1 and Th2 splenocytes at day 5 of bacteremia.
Staphylococcemic mice receiving CFA alone had few Th2

FIG. 1. Candidal rAls3p-N vaccine primes murine splenocytes
against the S. aureus cell wall. Splenocytes from mice vaccinated with
CFA alone or CFA plus rAls3p-N were stimulated with medium alone,
tetanus toxoid, rAls3p-N, S. aureus cell wall extract, or rClfA-N. The
cells were pulsed with tritiated thymidine for the last 6 h of culture and
harvested for counting of radioactive �-particles. Median and inter-
quartile ranges are shown. ��, P 	 0.03 compared to results for me-
dium, tetanus toxoid, and rClfA-N; �, P 	 0.03 compared to results for
CFA alone by the Mann-Whitney U test.
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splenocytes, resulting in extremely high ratios of Th1/Th2
splenocytes (Fig. 3). Spleens from vaccinated, staphylococce-
mic mice contained similar frequencies of Th1 cells but higher
frequencies of Th2 cells than those of mice receiving CFA
alone (P 
 0.02 by the Mann-Whitney U test) (Fig. 3). Nev-
ertheless, the ratio of Th1/Th2 cells in vaccinated mice (me-
dian, 23:1; 75th quartile, 39:1; 25th quartile, 21:1) was still

strongly in favor of Th1 cells (Fig. 3), as a ratio of �10:1 is
indicative of an unpolarized response in our assay (32).

To define the relative requirements for cell-mediated versus
humoral immunity, the rAls3p-N vaccine was tested for efficacy
in wild-type, congenic T-cell-deficient, and congenic B-cell-
deficient mice. Control T-cell-deficient mice (receiving CFA
alone) were significantly more susceptible to staphylococcemia
than control wild-type mice (P 
 0.009 by the log-rank test)
(Fig. 4). In contrast, control B-cell-deficient mice were not
more susceptible than wild-type mice (P 
 0.9) (Fig. 4). The
vaccine did not improve the survival of T-cell-deficient mice
(P 
 0.3 for vaccinated mice compared to those receiving
CFA) but did improve the survival of B-cell-deficient mice
(P 
 0.02 for vaccinated mice compared to those receiving
CFA). The survival of vaccinated B-cell-deficient mice was not
significantly different than the survival of vaccinated wild-type
mice (P 
 0.98).

rAls3p-N immunogenicity and efficacy with aluminum hy-
droxide [Al(OH)3] adjuvant. To confirm the potential for clin-
ical utility of an Als vaccine against S. aureus, we tested the
rAls3p-N vaccine’s efficacy against S. aureus when combined
with Al(OH)3, a standard aluminum adjuvant preparation used
in approved vaccines. We have previously determined that
higher doses of Als vaccines were required to mediate protec-
tion against Candida albicans when combined with Al(OH)3

than those when the vaccine was combined with Freund’s ad-
juvant, and that optimal protection against C. albicans oc-
curred at a dose of 300 �g of rAls3p-N (29, 30). Therefore,
BALB/c mice were vaccinated with 300 �g of rAls3p-N plus

FIG. 2. Candidal rAls3p-N vaccine improved survival and de-
creased bacterial burden in mice with methicillin-resistant S. aureus
bacteremia. (A) Survival of vaccinated or control mice (n 
 22 per
group from 2 experiments) infected i.v. with S. aureus 67-0 (2 � 107

inoculum), a methicillin-resistant, clinical isolate. �, P 
 0.0001 com-
pared to results for CFA alone by the log-rank test. The experiment
was terminated on day 28, with all remaining mice appearing well.
(B) Day-5 kidney or spleen bacterial CFU per gram of organ. n 
 5 for
CFA treatment; n 
 7 for rAls3p-N vaccination. Median and inter-
quartile ranges are shown. �, P 	 0.03 compared to results for CFA by
the Mann-Whitney U test.

FIG. 3. rAls3p-N vaccine induced a moderated type 1 immune re-
sponse during murine staphylococcemia. Mice were vaccinated with
CFA alone (n 
 5) or CFA plus rAls3p-N (n 
 7) and infected i.v. with
S. aureus 67-0 (2 � 107 organisms). Organs were harvested on day 5
postinfection. Frequencies of Th1 (CD4� IFN-�� IL-4�) or Th2
(CD4� IFN-�� IL-4�) splenocytes or Th1/Th2 ratios were determined
by intracellular cytokine staining and flow cytometry. Bars reflect me-
dian values. �, P 	 0.05 compared to results for CFA alone by the
Mann-Whitney U test.

FIG. 4. T cells, but not B cells, were required for rAls3p-N-medi-
ated protection. Mice were vaccinated with CFA alone or CFA plus
rAls3p-N and infected i.v. with S. aureus 67-0 (2 � 107 organisms). n 

8 mice per group. �, P 	 0.02 compared to results for CFA alone; ‡,
P 
 0.009 for wild-type mice receiving CFA compared to results for
T-cell knockout (KO) mice receiving CFA; P 
 0.9 for wild-type mice
receiving CFA compared to results for B-cell knockout mice receiving
CFA by the log-rank test.
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Al(OH)3, or with Al(OH)3 alone, with a booster dose admin-
istered at 3 weeks.

To confirm vaccine priming with Al(OH)3 adjuvant, spleno-
cytes were harvested 2 weeks after the boost and stimulated
with rAls3p-N ex vivo. Splenocytes from vaccinated mice pro-
liferated significantly more in response to rAls3p-N than did
splenocytes from control mice (Fig. 5A), confirming the im-
munogenicity of the vaccine in combination with Al(OH)3.
Furthermore, there were significantly higher frequencies of
Th1 and Th2 splenic lymphocytes from vaccinated mice than
controls (Fig. 5B), and splenocytes from vaccinated mice pro-
duced significantly more IFN-�, IL-4, and IL-5 in response to
rAls3p-N than did splenocytes from control mice (Fig. 5C).

To determine the efficacy of the vaccine with Al(OH)3, mice
were vaccinated either with or without a booster dose. As a
negative control, some mice were vaccinated and boosted with

commercially available tetanus toxoid. In addition, to test the
specificity of the vaccine, mice were vaccinated with a different
member of the Als family, rAls5p. Both the single-dose and
boosted regimens of rAls3p-N significantly improved the sur-
vival of mice infected with methicillin-resistant S. aureus com-
pared to that of mice receiving Al(OH)3 alone, tetanus toxoid,
or rAls5p (Fig. 6A). Two doses of vaccine did not significantly
improve survival compared to that after one dose. However,
surviving mice in the one-dose group continued to appear ill at
28 days (i.e., ruffled fur and decreased activity), when the
experiment was terminated. In contrast, the mice in the two-
dose group appeared clinically well (i.e., no ruffled fur and
normal activity) at the end of the experiment. Vaccination with
neither tetanus toxoid nor rAls5p improved survival.

To determine the breadth of vaccine-mediated protection, we
tested vaccine efficacy against several other S. aureus strains. Vac-
cinated mice infected with all strains had significantly improved
survival compared to that of control mice (Fig. 6B).

In contrast, the vaccine did not improve survival in mice
infected with P. aeruginosa, S. epidermidis, or E. faecalis (Fig.
6C). Finally, the efficacy of the vaccine was tested in a delayed
infection model. Mice were vaccinated with a single dose of
rAls3p-N plus Al(OH)3 or Al(OH)3 alone. Eight weeks follow-
ing a single dose of vaccine, mice were infected via the tail vein
with S. aureus 67-0. Vaccinated mice had significant improve-
ments in survival compared to that of control mice (Fig. 6D).

Lymphocyte adoptive transfer and passive immunization.
To confirm the relative roles of T and B lymphocytes in vac-
cine-mediated efficacy, BALB/c mice were vaccinated subcu-
taneously with rAls3p-N (300 �g) plus Al(OH)3 or Al(OH)3

alone as described above. Two weeks following the boost,
vaccinated or control mice were bled to obtain serum, and
their splenocytes were harvested. In the first experiment, con-
genic recipient mice were treated i.v. with B220� or CD3�

lymphocytes or with serum (found to have a titer of 1:51,200
against rAls3p-N) from vaccinated or alum control donor mice.
Recipient mice then were infected with 3 � 107 S. aureus 67-0
cells. The transfer of CD3� T lymphocytes from vaccinated,
but not control, donor mice significantly improved the survival
of infected recipient mice (Fig. 7). Subsequently, adoptive
transfer was performed with immune or control CD4� or
CD8� T lymphocytes, and mice were infected with 1.6 � 107 S.
aureus 67-0 cells. Both immune but not control CD4� or CD8�

T lymphocytes transferred protection (Fig. 7).
In contrast, the adoptive transfer of B lymphocytes or pas-

sive immunization with 250 �l of pooled immune serum did
not significantly improve survival compared to that of the con-
trols. To evaluate for a subtle effect of immune serum, the
passive immunization study was repeated at a lower infectious
inoculum (1.3 � 107 S. aureus 67-0 cells) and with several doses
of serum (a 750-�l dose, a repeat of the 250-�l dose, and a
25-�l dose to rule out a prozone effect at higher doses). No
dose of serum was protective, even against the lower inoculum
of infection (data not shown).

DISCUSSION

We have previously shown that the rAls3p-N vaccine pro-
tects mice against otherwise lethal disseminated candidiasis
(30). We now show that the same vaccine mediates protection

FIG. 5. rAls3p-N vaccine administered with Al(OH)3 adjuvant
primes murine lymphocytes for both Th1 and Th2 responses. Two
weeks following the booster dose, splenocytes were cultured from
BALB/c mice (n 
 10 per group) vaccinated with rAls3p-N (300 �g)
plus Al(OH)3 or Al(OH)3 alone. Cells were stimulated ex vivo with
rAls3p-N (100 �g/ml). (A) Proliferation of splenic lymphocytes from
vaccinated or control mice after 3 days of coculture with rAls3p-N.
(B) Frequency of Th1 (CD4� IFN-��) or Th2 (CD4� IL-4�) spleno-
cytes after 4 days of coculture with rAls3p-N, as determined by intra-
cellular cytokine analysis. (C) Cytokine content in supernatants after 4
days of splenocyte coculture with rAls3p-N. Median and interquartile
ranges are shown. �, P 	 0.05 compared to results for alum-adminis-
tered control mice by the Mann-Whitney U test.
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during staphylococcemia in mice. Thus, the rAls3p-N vaccine
mediated protection in mice against a fungal pathogen and a
bacterial pathogen that jointly cause at least 200,000 clinical
bloodstream infections, resulting in billions of dollars of health
care expenditures and �40,000 to 50,000 deaths per year in the
United States alone (5, 6, 10, 12, 19, 20, 25, 28, 37, 38).

T lymphocytes were necessary and sufficient for rAls3p-N
vaccine-mediated protection, while B lymphocytes were nei-
ther necessary nor sufficient. The transfer of immune serum
did not improve the survival of mice subsequently infected with
S. aureus. Furthermore, mice treated with 250 �l of immune
serum had worse survival than those treated with 25 �l of
serum. The decreased survival in mice receiving the higher
dose of serum may reflect a prozone effect. Our data are
consistent with those of Taborda et al., who found that the
same antibody administered to mice at different doses or
against different infectious inocula can either enhance or ame-
liorate the severity of the target infection (34). Our data also
are concordant with those of Lee et al., who found that T
lymphocytes can directly modulate disease outcome during S.

aureus infections (16), and those of McLoughlin et al., who
found that T-cell-derived IFN-� is critical to upregulate the
neutrophil killing of S. aureus in vivo in mice (18).

The rAls3p-N vaccine induced a moderated type 1 immune
response, with high splenic Th1/Th2 ratios during staphylococ-
cemia, but also an increase in Th2 splenocyte frequencies and
Th2 cytokine production compared to that of control mice.
These results are concordant with those of prior investigations
in which the abrogation of IFN-� improved survival and im-
proved inflammatory-related necrosis in the kidneys of staph-
ylococcemic mice (23, 36, 39). Nevertheless, as mentioned, the
critical role of IFN-� in acquired immunity to S. aureus has
been reported (18, 24). Hence, in aggregate, these data suggest
that while vaccine-induced type 1 immunity can improve the
survival of staphylococcemic mice, the moderation of the se-
verity of inflammation helps maximize survival. Furthermore,
the data suggest that the enhancement of type 1 immunity
(e.g., by the use of other adjuvants or recombinant IFN-� or
IL-12) is important to explore as a way to advance current
anti-staphylococcal vaccine strategies.

FIG. 6. rAls3p-N vaccine is efficacious in combination with aluminum hydroxide adjuvant. BALB/c mice were vaccinated subcutaneously with
one or two doses of rAls3p-N (300 �g) plus aluminum hydroxide [Al(OH)3], with two doses of tetanus toxoid (TT) or rAls5p plus Al(OH)3, or
with one or two doses of Al(OH)3 alone. (A) Mice were infected i.v. with S. aureus 67-0 (2 � 107 organisms) 3 weeks following the first dose or
2 weeks following the boost. n 
 16 mice per group for two experiments for rAls3p-N; n 
 8 mice per group for Als5p and TT. �, P 	 0.03
compared to results for all other groups by the log-rank test. (B) Vaccinated (all with two doses) or control mice were infected i.v. with S. aureus
29213 (5 � 106 organisms), COL (1.4 � 108 organisms), 601 (1.3 � 107 organisms), or LAC (8 � 106 organisms). n 
 8 mice per group. �, P 	
0.05 compared to results for the control by the log-rank test. (C) Vaccinated (all with two doses) or control mice were infected 2 weeks following
the boost with 8 � 108 S. epidermidis 35984 cells, 3 � 108 E. faecalis TX2484 cells, or 3 � 107 P. aeruginosa PA01 cells. (D) Mice vaccinated with
only one dose of rAls3p-N plus Al(OH)3 or Al(OH)3 alone were infected 8 weeks later with S. aureus 67-0 (1.9 � 107 cells). �, P 	 0.05 compared
to results for the control by the log-rank test.
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We found that the rAls3p-N vaccine primed splenocytes to
respond to S. aureus cell wall extract. Furthermore, vaccination
with tetanus toxoid or a related Als protein, rAls5p, did not
induce protection. Also, the rAls3p-N vaccine did not induce
protection against other gram-positive or gram-negative bac-
teria, and the vaccine remained effective even in an 8-week
delayed model of infection, indicating that a memory response
to the vaccine had occurred. Finally, protection was provided
in adoptive transfer studies by CD3�, CD4�, or CD8� lym-
phocytes. Collectively, these data indicate that rAls3p-N vac-
cine-mediated protection was specific for S. aureus and was not
simply a nonspecific response to the antigen.

Prior predictions, based on computer modeling, of a three-
dimensional conformational similarity of rAls3-pN, S. aureus
clumping factor, and related MSCRAMM proteins (26) influ-
enced us to test the possibility of cross-kingdom protection
against C. albicans and S. aureus. However, surprisingly, we
found minimal cross-immunization between rAls3p-N and
clumping factor. Intensive investigation to elucidate the cross-
reacting antigens responsible for protection is ongoing. Fur-
thermore, due to the predicted structural similarity, we initially
hypothesized that the protection seen would be antibody me-
diated. However, as stated above, we found that B cells were
neither necessary nor sufficient for protection, and that T lym-
phocytes were both necessary and sufficient.

We found that a dose of 300 �g of rAls3p-N mediated
protection when combined with Al(OH)3 adjuvant, whereas
rAls3p-N with 20 �g CFA did not. It is important to emphasize
that in translating vaccines from mice to humans, one should
not extrapolate on a milligram-per-kilogram basis the dose of
protein that will be effective. Rather, doses used in mice tend

to reflect those that are effective in humans. Both a widely used
FDA guidance (11) and the World Health Organization guide-
lines on the nonclinical evaluation of vaccines (1) indicate that
the highest dose planned for testing in humans is the dose to be
used in preclinical vaccine studies. For example, the doses of
the hepatitis B surface antigen, tetanus toxoid, and diphtheria
and pertussis components of the Tdap vaccine approved for
use in humans generally are similar to those tested in preclin-
ical rodent studies. Hence, the efficacy of a 300-�g dose in mice
indicates that future clinical trials should use an upper limit of
a 300-�g dose of rAls3p-N and does not represent a barrier to
testing the vaccine in humans.

In summary, we report that the anti-Candida rAls3p-N vac-
cine mediates cross-kingdom protection against virulent, drug-
resistant, clinical isolates of the ubiquitous bacterial pathogen
S. aureus. Of particular importance is the efficacy of the
rAls3p-N vaccine when combined with aluminum-based adju-
vants, which remain to date the only adjuvants in vaccines
approved for use in humans by the FDA. These data under-
score the promise of developing rAls3p-N into a clinically
useful vaccine targeting these extremely common, increasingly
antibiotic-resistant, and highly lethal pathogens.
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